The autoimmune regulator (Aire) serves an essential function for T cell tolerance by promoting the "promiscuous" expression of tissue antigens in thymic epithelial cells. Aire is also detected in rare cells in peripheral lymphoid organs, but the identity of these cells is poorly understood. Here, we report that Aire protein-expressing cells in lymph nodes exhibit typical group 3 innate lymphoid cell (ILC3) characteristics such as lymphoid morphology, absence of "classical" hematopoietic lineage markers, and dependence on RORγt. Aire + cells are more frequent among lineage-negative RORγt + cells of peripheral lymph nodes as compared with mucosa-draining lymph nodes, display a unique Aire-dependent transcriptional signature, express high surface levels of MHCII and costimulatory molecules, and efficiently present an endogenously expressed model antigen to CD4 + T cells. These findings define a novel type of ILC3-like cells with potent APC features, suggesting that these cells serve a function in the control of T cell responses.
Introduction
The autoimmune regulator (Aire)'s crucial function in the promotion of promiscuous gene expression in medullary thymic epithelial cells (mTECs) is well established. mTECs express thousands of tissue-restricted antigens (TRAs) and present these on MHCI and II (Kyewski and Klein, 2006; Mathis and Benoist, 2007; Peterson et al., 2008; Klein et al., 2014) . Aire deficiency strongly diminishes TRA expression in mTECs, offering an explanation how Aire mutations cause the human autoimmune polyendocrine syndrome type 1 (Husebye et al., 2018) and similar autoimmune manifestations in mice (Anderson et al., 2002; Ramsey et al., 2002) .
Defective tolerance in Aire −/− mice also includes antigens whose expression in mTECs is Aire independent (Anderson et al., 2005; Kuroda et al., 2005; Hubert et al., 2011) . This suggests that Aire coordinates mTEC functions beyond promiscuous gene expression such as mTEC differentiation Nishikawa et al., 2010) , cytokine and chemokine production Laan et al., 2009; Lei et al., 2011; Fujikado et al., 2016) , or antigen handling and presentation (Anderson et al., 2005; Hubert et al., 2011) . Furthermore, it remains open how two key disease manifestations in autoimmune polyendocrine syndrome type 1 patients, candidiasis and ectodermal dystrophy, can be reconciled with Aire serving its functions exclusively in mTECs.
Fate-mapping revealed Aire expression outside mTECs during embryonic development (Nishikawa et al., 2010) . In adult mice, Aire mRNA can be detected in secondary lymphoid organs and also in nonimmune cell types, but there is some controversy as to how well Aire transcripts correlate with actual protein expression (Heino et al., 2000; Halonen et al., 2001; Adamson et al., 2004; Hubert et al., 2008; Schaller et al., 2008; Gardner et al., 2009; Fletcher et al., 2010; Poliani et al., 2010) . Aire reporter mice have been instrumental in the identification of a unique cell subset referred to as extrathymic Aire-expressing cells (eTACs), hematopoietic APCs that morphologically resemble dendritic cells (DCs; Gardner et al., 2008 Gardner et al., , 2013 . Aireexpressing DCs have recently also been described in human tonsils (Fergusson et al., 2019) .
Here, we aimed to clarify the identity of Aire-expressing cells in lymph nodes. We identified three phenotypically distinct subsets of hematopoietic cells that expressed endogenous Aire mRNA, including the previously described EpCAM + CD11c + eTACs. However, Aire protein was exclusively found in an EpCAM
−

CD11c
− innate lymphoid cell (ILC) 3-like cell type with potent APC features.
Results and discussion
We confirmed in two independent mouse strains that Airereporter expression in LNs was confined to MHCII + cells (Gardner et al., 2013) . 
EpCAM
− CD11c -cells, but not in the other two subsets (Figs. 1 C and S1 C). Aire was localized in nuclear dots, akin to its subcellular distribution in mTECs (Fig. 1 D) .
Independent of reporter systems, Aire + LN cells were detectable by ICS, and these cells were uniformly CD45 Fig. 1 E) . Aire-ICS + cells were found at similar frequencies in various peripheral (p)LNs, yet were less frequent in mesenteric LNs (Fig. S1 D) . Their abundance was very low in newborns and reached a transient maximum in 2-wk-old mice (Fig. 1 F) . Bone marrow (BM) chimeras confirmed their hematopoietic origin (Fig. 1 G) .
Aire + LN cells did not express common lineage-specific surface molecules (Fig. 2 A) and contained negligible mRNA levels of signature genes specific for T or B cells, DCs, macrophages, or granulocytes (Fig. 2 B) . However, they expressed genes characteristic for ILCs such as Id2, Kit, Il7r, Itga4, and Itgb7 (Fig. 2 C ; Robinette et al., 2015; Seehus et al., 2015) . Of the transcription factors (TFs) that regulate the development and function of distinct ILC subsets (Spits et al., 2013) 
CD11c
-LN cells expressed the group 3 ILC signature TF RORγt, but not or only weakly Eomesodermin, GATA3, and RORα (Fig. 2, C and D) .
Aire
-LN cells also displayed other ILC hallmarks. First, they had a typical lymphoid morphology, albeit being slightly larger than "bulk" Lin -Rorγt + ILC3s from LNs, whereas Aire-reporter
+ "eTACs," as previously described, resembled DCs (Fig. 2 E) (Eberl et al., 2004; Luci et al., 2009; SatohTakayama et al., 2009) , intrinsically depended on RORγt for their development (Fig. 2 G (Spits et al., 2013; Montaldo et al., 2015 (Fig. S2 C) . Aire + cells were also strikingly similar to canonical pLN ILC3s with regard to expression of the TF Id2, surface expression of c-Kit and CCR6, and absence of NKp46 (Fig. 2 J) . However, despite sharing the CCR6 +
NKp46
-phenotype of canonical LN-ILC3s, Aire + cells were homogeneously negative for IL7Rα, CD90, and CD4, whereas expression of these molecules was heterogeneous on CCR6 + NKp46 -
Aire
-ILC3s (Fig. 2 J) . Aire + LN cells were very rare at birth, peaked at the time of weaning, and slightly declined thereafter, whereas canonical ILC3s were abundant in neonates and decreased with age (Jones et al., 2018; Figs. 1 F and 2 K) . Thus, Aire + LN cells resembled LTilike ILC3s, yet displayed distinctive features, and from here on will be referred to as Aire + ILC3-like cells. Aire, besides its role in TRA expression, has been suggested to control the development and/or survival of mTECs (Gray et al., 2007; Hikosaka et al., 2008; Wang et al., 2012) . To address whether a lack of Aire in cells that otherwise express it would perturb their differentiation, we generated mixed [Aire Aire expression in mTECs is orchestrated by NF-κB signals that emanate from receptors of the TNF superfamily (Akiyama et al., 2012) and converge on an essential enhancer-element (CNS1) in the Aire gene (Haljasorg et al., 2015; LaFlam et al., 2015) . Aire + LN cells were absent in Aire-CNS1 −/− mice, indicating that the gene-proximal requirements for Aire expression in Aire + ILC3-like cells resemble those in mTECs (Fig. 3 B) . MHCIIdependent cognate interactions of mTECs and thymic B cells with developing CD4 T cells provide a crucial platform for Aireinducing Rank or CD40 signals (Rossi et al., 2007; Akiyama et al., 2008; Hikosaka et al., 2008; Irla et al., 2008; Roberts et al., 2012; Yamano et al., 2015) . We asked whether a similar scenario applies to Aire + LN cells. In mixed [MHCII −/− : MHCII
] → WT BMchimeras, MHCII-deficient precursor cells efficiently gave rise to Aire + LN cells (Fig. 3 C) . Moreover, Aire + LN cells were similarly abundant in Rag2 −/− mice and WT controls (Fig. 3 D) . Thus, in contrast to what has been established for mTECs and thymic B cells, Aire + LN cells are independent of cross-talk with T cells, indicating that an "innate program" governs their cellular identity.
Given the critical role of Aire's NF-κB response element in Aire + LN cells, it was likely that extrinsic TNF receptor family signals of "nonadaptive" origin were crucial for their differentiation. Aire + LN cells emerged with equal efficacy from either CD40 −/− or CD40 +/+ precursors ( Fig. 3 E) . By contrast, Rank 
Yamano et al.
Journal of Experimental Medicinedeficiency resulted in a severe cell-intrinsic defect of hematopoietic precursors to contribute to Aire + LN cells in mixed chimeras (Fig. 3 F) with Rank-ligand-expressing stromal cells induced Aire expression in a fraction of cells (Fig. 3 G) .
RNA sequencing (RNA-seq) of Aire-reporter + LN cells from WT and Aire-deficient mice revealed 707 differentially expressed transcripts (Fig. 4 A) . Of these, 334 were Aire-induced, and 373 were repressed (Tables S1 and S2 ). Quantitative PCR analysis of selected Aire-induced or Aire-repressed genes confirmed their Aire-regulated expression (Fig. 4 B) . Among Aireinduced transcripts, only 60 were classified as TRAs (Sansom et al., 2014;  Fig. 4 A) . Thus, in contrast to what is known for (Fig. 4 C) . Thus, Aire controls a distinct transcriptional program in Aire + ILC3-like cells. Aire + LN cells had high surface levels of MHCII and strongly expressed mRNAs encoding for costimulatory or coinhibitory molecules (Fig. 5 A) 
IL7Rα
-Aire + ILC3-like cells were far more abundant in pLNs as compared with mesenteric LNs (Fig. S3 , A-C), were slightly lower for CD45 (Fig. S3 D) , and had much higher surface levels of APC-associated molecules as compared with MHCII lo/int
+ cells (Fig. S3 E) . Moreover, MHCII hi
-Aire + ILC3-like cells were negative for CD4, CD90, and CD25, whereas canonical ILC3s were heterogeneous for CD4 and CD90 and homogeneously positive for CD25 (Fig. S3 F) .
Given the potent APC features of Aire + ILC3-like cells, we asked whether a model antigen expressed by these cells was visible to CD4 T cells. Influenza hemagglutinin (HA)-specific CD4 T cells and polyclonal "reference" T cells were adoptively transferred into Aire-HCO mice, which express HA from a bacterial artificial chromosome-transgenic Aire gene (Hinterberger et al., 2010) . 14 d after transfer, HA-specific CD4 T cells were strongly diminished in Aire-HCO recipients but not in WT controls (Fig. 5 D) , indicating that peripheral antigen encounter resulted in the deletion of these cells. Similar results were obtained when Aire-HCO → WT BM-chimeras were used as recipients, indicating that deletion of TCR-HA cells resulted from HA expression in the hematopoietic compartment (Fig. 5 E) . To directly assess presentation of endogenously expressed HA, Aire + ILC3-like cells from Aire-HCO mice were cultured with HA-specific CD4 T cell hybridoma cells carrying a GFP IL-2 reporter (Aschenbrenner et al., 2007) . For comparison, we performed these assays also with mTECs and EpCAM + CD11c + eTACs. Aire + ILC3-like cells presented HA with similar efficacy as mTECs. By contrast, no direct presentation of HA was measurable with eTACs, despite similar expression of the Aire-reporter (Figs. 5 F and S1 A). When loaded with exogenous HA-peptide, all three cell types elicited similar responses, excluding that differential expression of MHCII accounted for these differences (Fig. 5 F) .
In sum, our data suggest that Aire protein-expressing cells in mouse pLNs may represent a hitherto unknown ILC3 subset. In distinction from the majority of Lin -RORγt + LN ILC3s, they do not express the IL7Rα, which, besides the absence of Aire + ILC3s from the intestine and their low frequency in mesenteric LNs, may explain why Aire expression has not been noticed in transcriptomic analyses of ILC subsets (Robinette et al., 2015; Gury-BenAri et al., 2016) . It will be interesting to clarify the potential precursor progeny relationship between canonical ILC3s and Aire + LN cells and how the Rank pathway is involved. It was recently shown that Rank signaling negatively regulates the abundance and effector functions of intestinal ILC3s (Bando et al., 2018) . Together with our findings, this suggests that both in pLNs as well as in the intestine, ILC3s receive tonic Rank stimulation, yet may differ with regards to the ensuing biological response.
Aire + ILC3-like cells display potent APC features, consistent with accruing evidence that ILC3s can orchestrate CD4 T cell responses. Selective ablation of MHCII molecules on RORγt + cells resulted in impaired tolerance to commensals and intestinal inflammation (Hepworth et al., 2013 (Hepworth et al., , 2015 . Other reports linked MHCII deficiency in RORγt + cells to impaired T and B cell responses to "foreign" antigens (von Burg et al., 2014) . How this relates to Aire + ILC3-like cells and under which circumstances antigen recognition on these cells may result in tolerance versus immunity remains to be seen. Along these lines, it will be interesting to see whether Aire expression in Aire + ILC3-like cells is of true physiological significance, as these cells do not recapitulate bona fide "promiscuous" TRA expression as it is seen in mTECs. It remains possible that Aire influences features of Aire + LN cells that are unrelated to TRA expression.
Materials and methods
Mice
Adig (Gardner et al., 2008) , Aire-HCO (Hinterberger et al., 2010) , Aire −/− (Ramsey et al., 2002) , Aire-CNS1 −/− (Haljasorg et al., 2015) , TCR-HA (Kirberg et al., 1994) , Cd40 −/− (Kawabe et al., 1994) Preparation of LN single-cell suspension Unless stated otherwise, experiments were performed with pooled pLNs (axillary, brachial, inguinal, and cervical). LNs were pierced with a needle and enzymatically digested with 0.1 mg/ml Dispase (Gibco) in RPMI. After incubation at 37°C for 10 min, the supernatant was replenished, and cell suspensions were homogenized by gently pipetting up and down. To stop the digestion, the supernatant was adjusted to 3% FCS and 2 mM EDTA and gently spun down (4°C, 300 g, 5 min). The procedure was repeated until all clumping was removed. In the experiment shown in Fig. S3 , LNs were digested in the presence of 0.5 U/ml Liberase (Roche). The cell suspensions were then resuspended in PBS containing 3% FCS and 2 mM EDTA and used for further analysis.
Flow cytometry
Single-cell suspensions of digested LNs were surface stained according to standard procedures. For intracellular Aire or RORγt staining, cells were fixed and permeabilized using reagents from the Foxp3 staining kit (eBioscience) and stained with anti-Aire mAb 5H12 (eBioscience) conjugated to Alexa Fluor 660, Alexa Fluor 488, or FITC-or PE-conjugated RORγt mAb B2D (eBioscience). Cells were analyzed or sorted using a BD FACSCANTOII or LSRII flow cytometer or BD FACSAriaFusion or BD Influx cell sorters. Imaging flow cytometry LN cells were prepared by enzymatic digestion. Thymic stroma cells were prepared by enzymatic digestion and density fractionation. Cells were stained for surface markers, fixed and permeabilized, and stained with Alexa Fluor 488-conjugated anti-Aire mAb 5H12 (eBioscience). DAPI was added immediately before analysis. Images were acquired using the ImageStream imaging flow cytometer (Amnis), and data were analyzed with the Ideas 6.0 software.
In vitro stimulation of ILC3s LN cells from Aire-HCO mice were prepared by enzymatic digestion. B cells and T cells were depleted with biotinconjugated anti-B220, anti-TCRβ, and anti-biotin MicroBeads (Miltenyi Biotech). Lineage-negative (CD3, CD11c, and CD19), hCD2-negative, IL7Rα + MHCII + -positive cells were sorted. Sorted cells (4 × 10 4 ) were cultured for 3 d together with 2 × 10 4 irradiated (3,000 rad) ST2 or ST2-RankL (Nutt et al., 1999) mouse BM stroma cells in flat-bottom 96-well plates. Where indicated, agonistic anti-CD40 mAb (10 μg/ml; FGK45; Bio X Cell) was added.
RNA-seq
Total mRNA was extracted from Lin
+ cells using the RNeasy Plus Microkit (Qiagen). The quality of the isolated RNA was controlled by Bioanalyzer 2100 electrophoresis (Agilent). RNA-seq libraries were prepared by the European Molecular Biology Laboratory Genomics core facility in Heidelberg, Germany using a NEXTflex rapid illumina RNA-Seq library prep kit (Bioo Scientific) after polyA enrichment with NEXTflex Poly(A) Beads (Bioo Scientific), starting with ∼1-5 pg of total RNA. Sequencing was performed on an Illumina NextSeq 500 sequencer (Illumina). Low quality reads and adaptor sequences were trimmed out using cutadapt. Reads mapping to ribosomal RNA were filtered out using SortMeRNA. Preprocessed mRNA reads were mapped to the mouse genome (BALB/cJ) from Ensembl version 86 (Mus_-musculus_balbcj.BALB_cJ_v1.dna_sm.toplevel.fa) using GSNAP version 2017-02-25. Gene annotations were downloaded from Ensembl (Mus_musculus_balbcj.BALB_cJ_v1.86.gff3). DESeq2 version 1.14.1 was used for feature counting, data normalization, and comparison of the different groups. Differentially expressed genes were selected based on Storey's q-value < 0.05 and at least 1.5-fold change in transcription activity. For the construction of heat maps, fragments per kilobase of transcript per million mapped reads-normalized counts were used. The raw sequencing data were deposited at the ArrayExpress database under accession no. E-MTAB-7088.
Quantitative PCR Total mRNA was extracted from cells using the RNeasy Plus Microkit (Qiagen). Reverse transcription was performed using random primers (Thermo Fisher Scientific) and RevertAid reverse transcription (Thermo Fisher Scientific). Gene expression was determined by quantitative PCR reaction using Sybr green and LC480-II cycler (Roche) and quantified using the relative quantification method (Pfaffl, 2001 ).
Antigen-presentation assay 10 4 HA-TCR hybridoma cells (A5 cells) were co-cultured with 2 × 10 3 APCs in 200 µl IMDM supplemented with 1% FCS. After 17 h, cells were harvested, and GFP expression of A5 cells was measured by flow cytometry.
BM and fetal liver chimeras BM was depleted of B and T cells using biotinylated mAbs to B220 and TCRβ and streptavidin magnetic activated cell sorting beads (Miltenyi Biotech). Recipient mice were irradiated with 2 × 450 rad and reconstituted with 1 × 10 7 BM cells. 
Statistical analysis
Unless indicated otherwise, statistical significance was assessed using the two-tailed Student's t test.
Online supplemental material Fig. S1 shows the phenotype of Aire-expressing LN cells. Fig. S2 shows gating strategies. Fig. S3 shows that MHCII high IL7Rα -ILC3-like cells express Aire − and costimulatory molecules. Table  S1 shows Aire-induced genes in Aire + ILC3-like cells. Table S2 shows Aire-repressed genes in Aire + ILC3-like cells.
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